Objective: Derangements of the GH-IGF-I axis have been associated with microalbuminuria (MA) in type 1 diabetes. The aim of this study was to investigate whether an IGF-I gene promoter polymorphism influenced the development of persistent MA in type 1 diabetes. Design: A prospective follow-up study of a cohort of 277 patients with newly diagnosed type 1 diabetes consecutively enrolled between September 1979 and August 1984. Methods: Urinary albumin excretion rate over 24 h was measured in each patient at least once a year. Persistent MA was defined as a urinary albumin excretion rate between 30 and 300 mg/24 h. Results: During a median follow-up of 18.0 years (range 1.0-21.5), 79 of 277 patients developed persistent MA. IGF-I gene genotype was available for 216 subjects; in 73% of the subjects, the wildtype genotype of this IGF-I gene polymorphism was present, while 27% had the variant type. At baseline, there were no differences in IGF-I levels and HbA 1c values between subjects with the wild type and subjects with variant type. By Kaplan-Meier analysis, subjects with the variant type of this polymorphism had during follow-up a higher risk of development of MA compared subjects with the wild type (PZ0.03). Conclusions: Subjects with the variant type of an IGF-I gene polymorphism had a significantly increased risk of developing MA. This risk was not mediated through changes in circulating IGF-I levels. Our study suggests that in type 1 diabetes, this IGF-I gene polymorphism is a risk factor of MA.
Introduction
Insulin-like growth factor-I (IGF-I) bioactivity is regulated by genetic and non-genetic factors like growth hormone, nutrition and insulin. The rate of development of microalbuminuria (MA), an important early marker of diabetic nephropathy, has been related not only to factors such as age at diagnosis, HbA1c, sex and blood pressure, but also with the activity of the growth hormone-insulin-like growth factor-I (GH-IGF-I) axis (1, 2) . Poor glycaemic control in type 1 diabetes, the most important factor for diabetic complications, is associated with elevated GH secretion and serum IGF binding protein (IGFBP)-1 levels, as well as reduced serum IGF-I levels (3, 4) . In addition, derangements of the GH-IGF-I axis have been associated with hyperfiltration and MA in type 1 diabetes (5-7). The mechanism behind this imbalance in the GH-IGF-I axis in type 1 diabetes has been suggested to be due to relatively low portal insulin levels resulting from s.c. administration of insulin (8, 9) . Complete correction of the GH-IGF-I axis only seems possible with portal administration of insulin (10). However, this is not a clinically available option at the moment.
Recent observations in an animal model of glomerulosclerosis showed that, in contrast to previous thoughts, not elevated but lowered circulating IGF-I levels may be involved in the induction of (diabetic) glomerulosclerosis (11) . Doublier et al. provided the first evidence that the lesions of glomerulosclerosis are related to a reduction in circulating IGF-I and an increase in IGFBP-1 levels (11) . The same clinical picture (reduced circulating IGF-I and increased IGFBP-1 levels) has been found in human diabetics that develop microalbuminuria (12, 13) .
A highly polymorphic cytosine-adenine (CA) dinucleotide repeat 1 kb upstream from the start site of the IGF-I promoter has been identified. Studies of other genes have suggested that polymorphic CA repeats in the promoter region of gene affect transcription activity of a gene (14) . Thus, this CA repeat polymorphism in the IGF-I gene has the potential to influence the IGF-I expression directly at the tissue level and, may therefore, serve as a better indicator of life-long IGF-I exposure than circulating IGF-I (15) . Although others found no relationship or even reported lower circulating IGF-I levels in subjects, homozygous for the wild-type allele of this IGF-I gene polymorphism compared with those that were non-carriers or heterozygous for the wild-type allele (16) (17) (18) (19) , we recently observed in a populationbased sample, like Missmer et al. (20) , that subjects homozygous for the wild-type alleles of this IGF-I gene polymorphism had higher serum IGF-I levels than subjects that were non-carriers of the wild-type alleles (21) . Possible explanations for these discrepant observations might be due to chance, unknown confounders, variations in patterns of linkage disequilibrium between populations, different study designs and methods used to measure IGF-I across studies (22) .
Nevertheless, when future studies would confirm our findings showing that there is indeed a relationship between IGF-I levels and this IGF-I gene polymorphism, this will open the opportunity to characterize on a genetic basis individuals with life-long exposure to either relatively low-or high-IGF-I activity.
The aim of the present study was to investigate whether this IGF-I gene promoter polymorphism is related to the development of persistent MA in type 1 diabetes.
Subjects and methods
The study population for the present study comprised all patients newly diagnosed with type 1 diabetes and consecutively admitted to the Steno Diabetes Centre between 1 September 1979 and 31 August 1984. As all newly diagnosed patients with type 1 diabetes were enrolled, the study population was a so-called inception cohort. Their health characteristics have been previously published (23) . Briefly, the starting cohort included 286 patients (see Fig. 1 ). Nine patients were excluded; seven had serious mental illness and two had MA at the onset of diabetes, so that 277 subjects were eligible for the analyses at baseline. During the followup, five patients were excluded due to other serious or psychomedical conditions. Nineteen subjects emigrated or were lost during follow-up. Thirty-one subjects died during follow-up, so that finally 222 patients could be followed from diabetes onset until December 2000. The patients attended the outpatient clinic every three or four months as part of routine follow-up. They were treated by diabetologists and nurses according to previously described guidelines (24) . None of these subjects were participating in other studies or treated by experimental drugs.
The genotypes were determined in 2004. The DNA material was collected in the period 1996-1998. From 222 subjects, permission to genotype was available and IGF-I genotyping was successful in 216 out of 222 subjects (for details see below). The local ethics committee (Copenhagen, Denmark) approved the experimental design, and all the patients gave written informed consent to participate in this study.
Measurements
Arterial blood pressure was measured at least once a year with a standard mercury sphygmomanometer and an appropriate cuff size. The measurements were performed with the patient in the sitting position after 10 min rest. From 1 January 1980, haemoglobin A 1c was measured at each visit. The method used for measuring HbA 1c from venous blood samples has changed over the years; the predominate method has been HPLC ion-exchange using a normal range of 4.1-6.4% (23) . Basal serum C peptide levels were measured by RIA after an overnight fast (normal value, 0.200-0.700 nmol/l) (25) .
Urinary albumin excretion rate over 24 h (UAER) was measured in each patient at least once a year (24) . UAER was quantitated using automated immunotopical nephelometric analysis (26) ; from 1984 to 1990, using RIA (sensitivity 0.5 mg/l, coefficient of variation (CV) 9%) (27) ; and from 1990 on, using enzyme immunoassay (sensitivity 1.1 mg/l, CV 8%) (28) . A very close correlation between radial immunodiffusion and RIA (rZ0.98) and RIA and enzyme immunoassay (rZ0.99) was documented before changing the methods (29) . From 1997, the DAKO Turbidimetric method (DAKO, Glostrop, Denmark) was used to measure UAER. This method is closely correlated with enzyme immunoassay (rZ0.99) and has a CV of 5%. Persistent micro-and macroalbuminuria were defined as a UAER of 30-300 mg/24 h and more than 300 mg/24 h in at least two of three consecutive samples respectively with at least a 30% increase above baseline (30) .
Measurement of serum total and free IGF-I
Blood samples were taken by venipuncture and allowed to coagulate for 30 min. Serum was then separated by centrifugation and stored at K20 8C until measurement of IGF-I. For the present study, serum from 233 subjects was available to measure IGF-I parameters. IGF-I levels were measured at 1.2G0.8 years (meanGS.D.) after the onset of diabetes. There was no difference in storage time of the blood samples between the two genotypes.
Total and free IGF-I were assayed in the fasting state with commercially available IRMAs (Diagnostic Systems Laboratories (DSL), Webster, Texas, USA) in 2003. The free IGF-I assay of DSL measures a combination of the true free and the fraction of IGF-I, which can be readily dissociated from the IGFBPs under the specific assay conditions. Technicians performing assays were blinded to the albuminuria status of subjects, and quality control samples were included within assay runs. Interassay coefficients of variation for total IGF-I and free IGF-I were 8.2 and 10.3% respectively. Intraassay coefficients of variation for total IGF-I and free IGF-I were 3.4 and 10.7% respectively. With the help of age-and gender-specific normative data, we calculated for each individual the Z-scores for total IGF-I and free IGF-I respectively. For free IGF-I, normative data used in the normal population have been published (31) , while for total IGF-I, we used reference values provided by Diagnostic Systems Laboratories utilizing data from 1700 individuals (www.DSLabs.com). The individual Z-score was calculated using the following formula: Z-scoreZ(xKaverage x/S.D.) where x is the actual IGF-I level, average x is the mean IGF-I level at that age and for that sex, and S.D. is standard deviation for the mean at that age).
Determination of IGF-I genotypes
PCR was performed using oligonucleotide primers designed to amplify the polymorphic cytosine-adenine repeat 1 kb upstream of the promoter of the IGF-I gene as described previously. The reaction was carried out in a final volume of 7.5 ml containing at least 5 ng of genomic DNA, 0.5 nmol/l forward primer (5 (32) . IGF-I genotypes were determined as described previously (32) . Overall, the repeat lengths vary from a minimum of 10 repeats to a maximum of 23 repeats with two alleles, the 19 and the 20 repeat alleles predominating in Caucasians (70 and 17% respectively (18) . The allelic distribution frequency of the CA-repeat IGF-I promoter polymorphism was almost comparable as we previously observed within the Rotterdam Study (Table 1 ). In addition, since the 192 bp and the 194 bp alleles had by far the highest frequencies, we considered these two alleles as the wildtype alleles from which all other alleles originated. Therefore, we decided to pool the other eight alleles in the further analysis.
In the Rotterdam study, we primarily examined the functional role of the various lengths of the alleles of the IGF-I promoter polymorphism and did the following observations (32): mean IGF-I levels and body height for homozygous carriers of the 192 bp allele and homozygous carriers of the 194 bp allele of this IGF-I gene promoter polymorphism were almost equal and significantly higher than the values measured in subjects homozygous for alleles smaller than 192 bp and longer than 194 bp respectively. Both observations suggest that homozygous carriers of the 192 bp allele and homozygous carriers of the 194 bp allele of this IGF-I gene promoter polymorphism are life-long exposed to relatively higher IGF-I levels throughout the body than subjects homozygous for alleles smaller than 192 bp and subjects with alleles longer than 194 bp of this IGF-I gene polymorphism (for more details see 32). 
Statistical analysis
Baseline data were from the first assessment, six months after the onset of type 1 diabetes, after initial glycaemic stabilization. Results are presented as means with S.D.. Urinary albumin excretion and circulating total and IGF-I and C-peptide levels did not meet the criteria for normality and were logarithmically transformed before the analysis in order to obtain approximately normal distribution. Therefore, results of these parameters are presented as medians or geometric means. Groups were compared with the Mann-Whitney test or the KruskalWallis test when appropriate.
To get a better impression of total exposure in the first 5 years of follow-up, measurements for systolic blood pressure, diastolic blood pressure, HbA1c, serum cholesterol, MA and insulin doses in the first 5 years of follow-up were averaged to compute per patient the summary means for these variables.
Analysis of cumulative incidence of MA was conducted using the Kaplan-Meier method and cumulative incidence curves of MA were compared with the logrank test. Cox regression analysis was used to adjust for differences in characteristics between the two groups that might have affected cumulative incidence of MA (age at onset of diabetes, sex, C-peptide levels at baseline, averaged HbA1c in the first 5 years of follow-up, systolic blood pressure first 5 years of follow-up, diastolic blood pressure first 5 years of follow-up and insulin dose first 5 years of follow-up). A forward-stepwise method was used to select variables significantly associated with outcome.
A two-sided P-value of 0.05 or less was considered as significant. All the analyses were performed using the SPSS for Windows software package, version 10.0.5 (SPSS Inc., Chigcago, IL, USA). Table 2 shows the characteristics of the study population at baseline. The large majority of the study population showed reduced serum levels of IGF-I (i.e. Zscores!0) at baseline.
Results
During a median follow-up of 18.0 years (range 1.0-21.5 years) 79 of 277 patients developed persistent MA (Table 2 ). Among these, 27 progressed to persistent macroalbuminuria. More men than women developed persistent MA (MAC: 55 males/ 24 females vs MA-: 108 males/90 females; PZ0.02). When grouped according to the presence/absence of MA, blood pressure was significantly higher in the first 5 year of diabetes, and blood glucose control -as assessed by HbA1c -was significantly worser in those who developed persistent MA (Table 3) . At baseline, there were no differences in age, plasma (free and total) IGF-I (neither for the measured levels nor for the Z scores) and C-peptide between subjects who progressed to persistent MA and who did not (Table 2 ). In 73% percent of the patients, the wild type of this IGF-I gene promoter polymorphism was present, while 27% had the variant type. The duration of diabetes of the successfully genotyped 216 subjects followed from 1979-1984 to 2000 was almost equal in the two groups: wild type: 18.4 (G1.6) (meanGS.D.) years vs variant type: 18.7 (G1.4) years. At baseline and during follow-up, there were no differences in IGF-I levels between the subjects with the wild type and variant type of this IGF-I gene polymorphism (Table 4) . In both variant type as well as subjects with the wild type, more than 90% of the Zscores for total IGF-I and free IGF-I were already less than 0 at baseline (data not shown).
The first 5 years subjects with the variant type had significantly higher blood pressure and urinary albumin excretion than subjects with the wild type (Table 5) , while plasma C-peptide levels and daily insulin dose were not significantly different from subjects with the wild type ( Table 5 ).
The cumulative incidence of persistent MA was significantly higher in subjects with the variant type than in subjects with the wild type (PZ0.03) ( Fig. 2 ; cumulative incidence of persistent MA after 18 years follow-up: wild type 24% and variant type: 42%). Results of the forward-stepwise method used in the Cox model to adjust for differences in characteristics between the two groups, included finally IGF-I genotype (PZ0.03), HbA1c in the first 5 years (P! 0.001) and gender (PZ0.01) as factors that were found to affect the incidence of MA. In this model, the incidence of microalbuminuria in subjects with the variant type was significantly higher than in subjects with the wild type.
Discussion
The most important finding of the present prospective study in a cohort of newly diagnosed type 1 diabetic patients is that -despite a comparable metabolic control in the first 5 years of diabetes -subjects with the variant type of an IGF-I gene promoter polymorphism demonstrated an increased risk to develop persistent MA compared with subjects with the wild type. Since we did not observe a clear relationship between this IGF-I gene promoter polymorphism and circulating IGF-I levels, our findings suggest that this effect on MA is not mediated through changes in circulating IGF-I levels. In contrast to circulating IGF-I levels, the IGF-I gene variant of an individual is fixed for life and not susceptible to potential confounding factors such as age, insulin deficiency, hyperglycaemia and nutrition state. An explanation is that IGF-I gene variants are simply risk factors and/or markers for phenotypes related to IGF-I expression (33) . However, it is unknown at present whether this IGF-I gene promoter polymorphism directly affects expression of IGF-I in the body and is related to paracrine/autocrine IGF-I production in the kidney, pancreas and other organs. This latter aspect could be very important because it is thought that the IGF-I system has important paracrine/autocrine actions. In addition, it has been suggested that circulating and local IGF-I levels are regulated independently (34) .
At baseline, after initiation of s.c. insulin treatment and initial glycaemic stabilization but prior to the development of persistent MA, circulating (free and total) IGF-I were reduced and lower than normal in the large majority of our study population. This observation is in agreement with most previous studies, which have demonstrated that individuals with type 1 diabetes have decreased circulating IGF-I levels (5, 13). Although s.c. insulin treatment may raise reduced circulating IGF-I levels, Shisko et al. demonstrated that s.c. insulin treatment cannot completely normalize lowered circulating IGF-I and increased GH secretion in type 1 diabetes (10). As a consequence, consistently lowered levels of circulating IGF-I have been reported in type 1 diabetics (8) . Circulating (total and free) IGF-I levels did not significantly differ between subjects with the variant type and subjects with the wild type. In contrast with the present study, we previously observed in a population-based study that in normal healthy individuals and persons with type 2 diabetes subjects with the variant type of this IGF-I gene polymorphism had significantly lower normal serum total IGF-I levels than subjects with the wild type (32) . There are several factors that might explain the lack of a relationship between circulating IGF-I and this IGF-I gene polymorphism in the present study. Firstly, the loss of endogenous insulin production and/or the s.c. administration of insulin may have masked genetically mediated differences in circulating IGF-I levels. The loss of endogenous insulin production and exogenous insulin administration profoundly affect the circulating IGF-I levels in type 1 diabetes (10). S.c. insulin therapy in type 1 diabetes leads inevitable to under-insulinization of the liver, and this may explain why serum IGF-I levels were lowered (10). Secondly, the present study was not population-based and initially not powered or designed to study differences in IGF-I levels between IGF-I gene variants. Thirdly, it remains still possible that this polymorphism is in linkage disequilibrium with another functional polymorphism. In addition, other confounding factors may have obscured a genetically determined difference in circulating IGF-I, like for instance, the degree of metabolic control.
Some technical issues might have influenced our results. IGF-I immunoassays can be compromised in diabetics because of IGFBP interferences and glycation of some IGF-I epitopes (35) . Our study could be further criticized because we used blood samples that had been stored for more than 10 years. IGF-I instability theoretically could have affected the IGF-I concentrations measured. However, it has been also reported that there is little evidence of degradation of IGF-I in samples stored for up to 21 years (36) .
In general, we observed no differences in HbA 1c concentrations between subjects with the wild type and subjects with the variant type during the first 5 years after the development of diabetes, but blood pressure was significantly higher in subjects with the variant type than in subjects with the wild type. There is increasing evidence that IGF-I may affect vascular tone in addition to its well-recognized metabolic and trophic actions (37) . IGF-I is also produced locally by endothelial and vascular smooth muscle cells, and this paracrine IGF-I may be more important in regulating regional blood flow than circulating IGF-I (38) . Several experimental studies have shown that IGF-I induces vasorelaxation in normotensive rat arteries, while this is abolished by treatment with a nitric oxide inhibitor or removal of the endothelium (39) . When this mechanism is also present in humans, our study suggests that subjects with the variant type have less autocrine/paracrine IGF-I mediated vasorelaxation than wild-type carriers.
In conclusion, subjects with the variant type of an IGF-I gene polymorphism had an increased risk of developing persistent MA. Our study suggests that after the development of type 1 diabetes, this IGF-I gene polymorphism is a risk factor for MA. This IGF-I gene polymorphism may modulate the susceptibility and/or progression of MA.
